To evaluate the mechanism of tolerance to ischemia, inductions of heat shock protein (HSP) 70 and heat shock cognate protein (HSC) 70 mRNAs in gerbil hippocampus were compared with in situ hybridization between cases of a single 3.5-min period of forebrain isch emia and a 3.5-min period of ischemia 2 days after 2-min pretreatment with ischemia. Immunohistochemistry for HSP70 protein and morphological studies were also per formed in the same brains up to 7 days after the reperfu sion. Following a single 3.5-min period of ischemia, HSP70 and HSC70 mRNAs were induced in all hippo campal cells. However, the hippocampal CAl cells pro duced only a minimum of HSP70 protein, and the cells were almost lost by 7 days. Following 3.5 min of ischemia after 2-min pretreatment, large populations of the CAl cells survived at 7 days. The peak time of the HSP70 and Abbreviations used: DG, dentate granule; HSC, heat shock cognate protein; HSP, heat shock protein.
Recent experiments have demonstrated that pre conditioning the brain with nonlethal ischemia in duces tolerance to subsequent lethal ischemic in sults (Kitagawa et aI., 1990; Kato et aI., 1991; Kirino et aI., 1991) . Preconditioning with 2 min of forebrain ischemia protects hippocampal CAl pyra midal cells against damage after secondary 5-min ischemia in gerbils (Kirino et aI., 1991) . Although the mechanism for the acquisition of tolerance is not fully understood, it has been suggested that in duction of major heat shock proteins (HSPs), espe cially the 70-kDa HSP (HSP70), after sublethal isch emia is related to the acquisition of tolerance.
HSPs are a set of proteins that are expressed at HSC70 mRNA induction shifted to an earlier period of reperfusion in all hippocampal cells as compared with the case of a single episode of ischemia. The peak of HSP70 and HSC70 mRNA induction shifted from 1 day to 3 h in the CAl cells. The CAl cells produced strongly immuno reactive HSP70 from 3 hr to 2 days. These results suggest that pretreatment with an initial period of ischemia (for 2 min) accelerated HSP70 and HSC70 gene expression at the transcriptional level, ameliorated the translational dis turbance of HSP70 mRNA to protein, and saved the CAl cells from subsequent lethal ischemia (for 3.5 min). These changes of heat shock gene expression might play impor tant roles in the acquisition of ischemic tolerance of hip pocampal CAl neurons. Key Words: Heat shock cognate protein 70-Heat shock protein 70-Ischemia Tolerance.
increased levels in cells subjected to a variety of stresses (Lindquist, 1986; Bienz and Pelham, 1987) such as hyperthermia (Currie and White, 1981) , trauma (Brown et aI., 1989) , and ischemia (Nowak, 1985; Dienel et aI., 1986; Abe et aI., 1991) . HSP70 is one of such proteins induced by cerebral ischemia. The protective role of HSP70 against lethal heat stress has been proven in vitro (Johnston and Kucey, 1988; Riabowol et aI., 1988) . Vass et al. (1989) showed that the induction of immunoreactive HSP70 protein was only minimal in hippocampal CAl neurons, the cells most vulnerable to ischemia, while it was much greater in CA3 and dentate gran ule (DG) cells, which are resistant to ischemia. On the other hand, previous studies have shown that CAl cells and other hippocampal cells produce much HSP70 mRNA before their death (Nowak, 1991; Kawagoe et aI., 1992a; Aoki et aI., 1993) . Therefore, a translational disturbance of HSP70 gene expression has been suggested in the vulnera ble CAl cells.
Heat shock cognate protein (HSC) 70 is a mem ber of the HSP70 family (O'Malley et aI., 1985) and is constitutively expressed in normal development and cell differentiation. Northern blot analyses and in situ hybridization reveal an induction of HSC70 mRNA in the postischemic gerbil brain (Nowak et aI., 1990; Abe et aI., 1991; Kawagoe et aI., 1992a; Aoki et aI., 1993) . Abe et ai. (1991) first found a regional difference in HSC70 mRN A level in normal and postischemic brains, which might correlate with the selective vulnerability of the hippocampal CAl cells. Recent studies have suggested that HSP70 and HSC70 are molecular chaperones and may play cooperative roles against ischemic neuro nal injury (Abe et aI., 1991; Hightower, 1991) .
Recent immunohistochemical studies have re vealed that animals preconditioned with 2 min of ischemia show intense HSP70 immunostaining in CAl cells after subsequent ischemic insults (Kirino et aI., 1991) , suggesting that HSP70 plays an impor tant role in the acquisition of ischemic tolerance. However, the relationship between HSP70 and HSC70 mRNA induction and the acquisition of tol erance has not been studied. Therefore, we exam ined changes of HSP70 and HSC70 mRNAs after transient ischemia in preconditioned brains with in situ hybridization. Immunoreactivity for HSP70 protein and morphological changes in the sections were also studied.
MATERIALS AND METHODS

Animal model
Male Mongolian gerbils (Meriones unguiculatus), aged 10-11 weeks and weighing 70-75 g, were lightly anesthe tized with 1 % halothane in a mixture of 30% 02/69% N 20' Both common carotid arteries were gently exposed, and anesthesia was discontinued. The arteries were occluded with surgical clips for 2 min (Abe et aI., 1989) . Secondary occlusion of both common carotid arteries for 3.5 min was then induced 2 days later. A single 3.5-min period of ischemia 2 days after sham operation, and a single 2-min period of ischemia, were also performed in other animals. Body temperature was monitored in all animals with a rectal probe and was maintained at 37°C using a heating pad during the surgical preparation and occlusion of the carotid arteries. Animals recovered for 1, 3, and 8 h and 1, 2, and 7 days (n = 3 at each time point) and then were decapitated. Sham control animals were killed just after exposing the carotid arteries without clamping the ves sels. Animals recovered for 8 h and 2 days (n = 3) fol lowing the single 2-min ischemia. The brains were quickly removed, frozen in powdered dry ice, and then stored at -80°C. Coronal sections (10 fLm) at the dorsal hippocam pal level were cut on a cryostat at -18°C and collected on slides coated with Histostick (Accurate Chemical and Scientific Corp., Westbury, NY, U.S.A.) In situ hybrid ization for HSP70 and HSC70 mRNAs, immunohisto chemistry for HSP70 protein, and histological observa- No.5, 1993 tion with cresyl violet staining were performed on the sections.
Hybridization experiments
The inserts of cloned cDNAs (pGA3 for HSP70, pGD3 for HSC70) selective for the HSP70 and HSC70 mRNAs were 1.0 and 1.4 kb, respectively (Sato et aI., 1992) . The cDNA inserts were radiolabeled with [a-3 5S]deoxycyti dine triphosphate (1,000 Ci/mmol; Amersham, Tokyo, Ja pan) by random primer labeling using a kit (Boehringer Mannheim Yamanouchi Co. Ltd., Tokyo, Japan), result ing in specific activity of 4-5 x 108 dpmifLg. The control probe was a similarly labeled fragment (1.1 kb) of a plas mid vector (pHSG396; Takara Shuzo Co. Ltd., Kyoto, Japan) obtained by HinfI digestion.
In situ hybridization was performed according to our previous method (Kawagoe et aI., 1992a,b) . Sections were washed for 2 h in 2 x SSC (l x SSC = 150 mM NaClI15 mM sodium citrate) and for 1 h in 1 x SSC at 42°C and dehydrated through graded ethanol containing 0.3 M ammonium acetate. The hybridization signal was visualized by exposure to x-ray film for 24 h at room temperature. In some cases, a liquid emulsion method was applied and the sections were further exposed for -3 weeks at 4°C. Sections for each probe were hybridized in the same hybridization solution, washed, and exposed to the film for the same time for purposes of comparison. Several slides were treated with 100 fLg/ml RNase A and 10 Ulml RNase Tl (Sigma, St. Louis, MO, U.S.A.) in 2 x SSC at 37°C for 30 min prior to pre hybridization and were hybridized with the same radio labeled probe for HSP70 or HSC70 mRNA.
Regional changes of HSP70 and HSC70 mRNAs in hip pocampal neuronal cell layers (CAl' CA3, and DG) were analyzed with a computerized densitometer (Kontron Im age Analyzer; Carl Zeiss, Oberkochen, Germany) in three sections at each time point. Optical densities from both sides of a section were combined to obtain a mean value for each animal, and the mean value from three animals was expressed as a ratio of the sham control.
Histochemical study
Immunostaining against HSP70 in gerbil brain sections was performed by the avidin-biotin-peroxidase complex method using a kit (PK-6120; Vector Laboratories, Bur lingame, CA, U.S.A.). The sections were fixed for 10 min in ice-cold acetone air dried, and rinsed in 0.01 M phos phate buffer containing 0.15 M NaCI (pH 7.4). After blocking with 10% normal horse serum for 2 h, the slides were washed and incubated overnight at 4°C with a mouse monoclonal antibody against the stress-inducible species of the HSP70 family (RPN1l97, which was orig inally designated as clone C92; Amersham) diluted in buffer (1:200) containing 10% normal horse serum and 0.3% Triton X-IOO. Specificity of the antibody has been noted elsewhere (Welch and Suhan, 1986; Vass et aI., 1989; Kirino et aI., 1991) . Endogenous peroxidase was blocked for 20 min with 0.3% H202 and 10% methanol. Then sections were washed and incubated for 3 h with biotinylated antimouse IgG (1 :200) in the buffer, followed by incubation for 30 min with the avidin-biotin peroxidase complex. Staining was developed with 3,3' diaminobenzidine tetrahydrochloride (0.5 mglml in 50 mM Tris-HCI buffer, pH 7.4) in the presence of 0.02% H202 •
Histological study
The coronal sections were stained with cresyl violet and examined by light microscopy (Pulsinelli et aI., 1982) .
To test the acquisition of tolerance, another series of animals recovered for 7 days following either sham oper ation (n = 4), a single 2-min period of ischemia (n = 5), a single 3.5-min period of ischemia 2 days after sham operation (n = 6), or 3.5 min of ischemia 2 days after pretreatment with 2-min ischemia (n = 8). The brains were then transcardially perfused with heparinized saline, followed by 4% paraformaldehyde in 0.1 M phosphate buffer for 20 min. The brains were removed, immersed in the same fixative for 7 days, and embedded in paraffin. Paraffin sections (5 fLm) were cut on a cryostat and stained with cresyl violet. The stained sections were ex amined with a light microscope without the examiner knowing the experimental protocol. The number of intact neurons in the hippocampal CAl subfield was counted and the density of neurons (CAl cell number/mm) was calculated. Statistical analyses for the cell densities were performed using the Mann-Whitney V test.
RESULTS
The results obtained by in situ hybridization, his tochemical, and histological studies were very re producible in animals at each time point.
Probe specificity
Observation of sections dipped in the liquid emul sion revealed that grains for the HSP70 (Fig. ID) and HSC70 (data not shown) probes were predom inantly located in neuronal cell bodies. Neither the sections hybridized with the probe from plasmid vector nor the sections treated with RNase before incubation with the HSP70 (Fig. lC) or HSC70 probe exhibited any specific hybridization. The specificities of the hybridization were thus con firmed. The selectivity of each probe for HSP70 or 8) . No specific hybridization was found in sections from the same brain as in B treated with RNase before in cubation with HSP70 probe (C). The section of B dipped in liquid emulsion revealed that grains for HSP70 mRNA were predominantly located in neuro nal cell bodies (0). Bar = 100 f.Lm.
HSC70 mRNA in the gerbil brain has already been established elsewhere by Northern blot analyses (Kawagoe et aI., 1992a; Sato et aI., 1992) .
Hybridization experiments
The distributions of postischemic HSP70 and HSC70 mRNA are shown in Figs. 2A and 3A . The results of the quantitative studies are shown in Figs. 2B and 3B, respectively. HSP70 mRNA was scarcely present in the sham brain ( Fig. 2A, left and right top panels). In contrast, HSC70 mRNA was present in all hippocampal cells of the same brain (Fig. 3A, left and right top panels) . Following a sin gle 3.5-min period of ischemia 2 days after sham operation, HSP70 and HSC70 mRNAs were greatly induced in all hippocampal cell populations (Figs. 2A and 3A, left columns, and Figs. 2B and 3B, top) . Within 1 h of the reperfusion, strong induction of both mRNAs was evident in DO cells and was sus tained for up to 8 h with a peak at 3 h (small arrow heads in left columns in Figs. 2A and 3A) . In hip pocampal CA3 cells, HSP70 mRNA was gradually induced with a peak at 1 day. In hippocampal CAl cells, both mRNAs were gradually induced with a peak at 1 day ( Figs. 2A and 3A , large arrowheads in left columns). A sustained induction of HSP70 mRNA was found in CAl neurons for up to 2 days, although the induction in CA3 neurons was greatly diminished by 2 days ( Fig. 2A, left) . In CAl cells, the level of HSP70 mRNA diminished by 7 days, and the HSC70 mRN A level was reduced below the normal level at 7 days (Fig. 3A, left bottom) .
Following a single 2-min period of ischemia, HSP70 mRNA was induced in CAl cells at 8 h and 2 days ( Fig. 2A, upper umn). However, the induction was not as strong as in the case of a single 3.5-min period of ischemia ( Fig. 2A, left column) . HSC70 mRNA was also in duced in CAl cells at 8 h (Fig. 3A , upper three panels of right column). Following 3.5 min of ischemia 2 days after pre treatment with 2 min of ischemia, HSP70 and HSC70 mRNAs were greatly induced in all hippo campal cell populations ( Figs. 2A and 3A (HSP70) mRNA in hippocampal cells following a single 3.5-min period of ischemia 2 days after sham operation (3.5 min); in a sham control (S); following a single 2-min period of ischemia (2 min); and following a 3.5-min period of ischemia 2 days after pretreatment with 2 min of ischemia (2 + 3.5 min). While HSP70 mRNA was induced with a peak at 3 h in dentate granule cells (small arrowhed) and was gradually induced at 8 h and with a peak at 1 day in CA1 cells (large ar rowhead) following a single 3.5-min ischemic period (left column), the peak time shifted to 1 h in dentate granule cells (small arrowhead) and to 3 h in CA1 cells (large arrowhead) following 2 min plus 3.5 min of ischemia (right column). B:
Change of HSP70 mRNA level in hippocampal CA1, CA3, and dentate granule (DG) cells follow ing a single 3.5-min period of ischemia 2 days after sham operation (Sham + 3.5 min) and fol lowing 3.5 min of ischemia 2 days after pretreat ment with 2-min ischemia (2 + 3.5 min). The relative abundance of HSP70 mRNA was mea sured in comparison with the sham control. The control value was taken as 1.0.
ization for HSP70 mRNA was evident in DG ( Fig.  2A , small arrowhead in right column) and CA3 cells. The induction in DG and CA3 cells was greatly di minished by 8 h. HSP70 mRNA was greatly induced in CAl cells with a peak at 3 h ( Fig. 2a , large ar rowhead of right column); it then gradually declined and disappeared by 1 day of reperfusion. One of three brains showed only a minimal signal for HSP70 mRNA in CAl cells at 1 day (data not shown). HSC70 mRNA was also induced in DG and CAl cells with a peak at 1 and 3 h, respectively ( protein 70 (HSC70) mRNA in hippocampal cells following a single 3.5-min period of ischemia 2 days after sham operation (3.5 min); a sham control (S); following a single 2-min period of ischemia (2 min); and 2 min plus 3.5 min of isch emia (2 + 3.5 min). While HSC70 mRNA was induced with a peak at 3 h in dentate granule cells (small arrowhead) and was gradually in duced with a peak at 1 day in CA1 cells (large arrowhead) following a single 3.5-min period of ischemia (left column), the peak time shifted to 1 h in dentate granule cells (small arrowhead) and to 3 h in CA1 cells (large arrowhead) follow ing 2 min plus 3.5 min of ischemia (right col umn). B: Change of HSC70 mRNA level in hip pocampal CA1, CA3, and dentate granula (DG) cells following a single 3.5-min period of isch emia 2 days after sham operation (Sham + 3.5 min) and following 3.5-min period of ischemia 2 days after pretreatment with 2-min ischemia (2 + 3.5 min). The relative abundance of HSC70 mRNA was measured in comparison with a sham control. The control values were taken as 1.0.
til 2 days of reperfusion (Fig. 4B) . Following a sin gle 3.5-min period of ischemia, CAl cells produced only minimal immunoreactive HSP70 (Fig. 4C-E) , while a slight immunoreactivity for HSP70 in CA3 and DG cells was found (data not shown). How ever, following 3.5 min of ischemia 2 days after pre treatment with 2-min ischemia, CAl cells showed a strong immunoreactivity for HSP70 beginning at 3 h of reperfusion, and the induction was sustained un til 2 days of reperfusion ( Fig. 4F-H) . DG cells also showed an enhanced immunoreactivity for HSP70 (data not shown). By 7 days of reperfusion, HSP70 immunoreactivity returned to the sham control level.
Histological study
Representative photographs (low magnification) of cresyl violet-stained sections are shown in Fig.  S . Following a single 2-min period of ischemia, no significant change was seen in hippocampal neurons (Fig. SB) . Following a single 3.S-min period of isch emia 2 days after sham operation, almost all hippo-J Cereb Blood Flow Metab, Vol. 13, No.5, 1993 FIG. 4. Immunostaining against heat shock protein 70 (HSP70) in hippocampal CA1 cells in a sham brain (A); at 2 days of reperfusion following a single 2-min period of ischemia (8); at 3 h (C), 8 h (0), and 2 days (E) of reperfusion following a single 3.5-min period of ischemia 2 days after sham operation; and at 3 h (F), 8 h (G), and 2 days (H) of reperfu sian following 3.5 min of ischemia 2 days af ter 2 min of ischemia. Note the moderate im munoreactivity of HSP70 at 2 days of the reperfusion (8) following a single 2-min pe riod of ischemia; the minimal immunoreac tivity of HSP70 following a single 3.5-min pe riod of ischemia (C-E); and the strong immu noreactivity of HSP70 following 2 min plus 3.5-min of ischemia (F-H). Bar = 100 fLm.
campal CAl cells were lost at 7 days (Fig. SC) . The damage to CAl neurons following 3.S min of isch emia 2 days after pretreatment with 2-min ischemia was only slight, and large populations of cells were preserved at 7 days of reperfusion (Fig. SD) .
The results of cell counting in the CAl sector on paraffin sections obtained from another series of animals are shown in Table 1 . The 2-min period of ischemia did not affect CAl cell density (22S.8 ± 8.7/mm, mean ± SD). A significant recovery of CAl cell density was found in the 2-min plus 3.S-min FIG. 5. Representative pho tographs of brain sections stained with cresyl violet. There 'is no neuronal dam age to any hippocampal cells in the sham brain (A) or following a single 2-min pe riod of ischemia (8). Follow ing a single 3,5-min episode of ischemia 2 days after sham operation, almost all CAl cells were lost at 7 days of reperfusion (C). Following 3.5 min of ischemia 2 days after pretreatment with 2 min of ischemia, large popula tions of CAl cells were pre served at 7 days (D).
ischemia group (145.6 ± 43.4/mm) as compared with the single 3.5-min ischemia group (13.7 ± 6.3/ mm) (p < 0.01).
DISCUSSION
The present results describe the time course and regional changes of HSP70 and HSC70 mRNA and HSP70 immunoreactivity in gerbil hippocampus af ter transient global ischemia with or without pre conditioning. While almost all hippocampal CAl cells were damaged after a single 3.5-min period of ischemia, gerbil brains subjected to 3.5 min of isch emia after pretreatment with 2 min of ischemia showed considerable recovery of CAl cells. Our re sults showed an acceleration of the induction of HSP70 and HSC70 mRNAs in preconditioned gerbil hippocampal neurons compared with the cells fol lowing a single period of lethal ischemia (for 3.5 min). The peak time of HSP70 and HSC70 mRNA induction shifted to an earlier period of reperfusion in all hippocampal cells as compared with a single episode of ischemia. For example, the peak time shifted from 3 to 1 h in DG and CA3 cells and from 1-2 days to 3-8 h in CAl cells (arrowheads in Figs.  2A and 3A) . Moreover, the present study showed a concomitant induction of immunoreactive HSP70 protein in vulnerable CAl cells of preconditioned brains (Fig. 4, right column) . The CAl cells thus recovered from the translational disturbance of HSP70 mRNA to protein that occurred in brains with a single 3.5-min period of ischemia ( Figs. 2A  and 4, left columns) .
The function of each member of the HSP70 fam ily is not fully understood. A relatively high conser vation of DNA sequence between HSP70 and HSC70 suggests that these proteins are likely to perform similar tasks (Sato et aI., 1992) . The pro tective role of HSP70 was evident in vitro for cell survival after hyperthermic treatment (Johnston and Kucey, 1988 ). Furthermore, the involvement of HSP70 has been suggested in an acquisition of ther motolerance in Hela cells (Gerner and Schneider, 1975) . Recent studies have revealed that HSP70 and HSC70 play roles in protein processing as "molec ular chaperones" (Hightower, 1991; Gething and Sambrook, 1992) . Under stressful conditions, HSP70 and HSC70 share the ability to prevent the formation of abnormal proteins, and they bind to denatured and/or disrupted proteins until such time as the abnormal proteins are refolded or degraded. Therefore, both proteins are recognized to be pro tective under stressful cellular conditions. Our re sults show for the first time that HSC70 mRNA induction is also accelerated in the preconditioned brain, suggesting that this protein may play a role in the acquisition of ischemic tolerance.
Transient cerebral ischemia is associated with a prolonged severe inhibition of protein synthesis. Araki et al. (1990) reported that 3 min of ischemia induced severe impairment of protein synthesis throughout hippocampal cells and that CAl cells did not recover from this impairment until 2 days of reperfusion and eventually died by 7 days. How ever, a sublethal ischemic stress facilitates the re covery of protein synthesis in CAl cells (Kirino et aI., 1991) . In fact, HSP70 translation from mRNA recovered well in CAl neurons in the double ischemia (2 min plus 3.5 min) group (Figs. 2 and 4) . Because HSP70 is essential to restore normal ribo some assembly and promotes the synthesis of new ribosomes (Lindquist, 1986) , the presence of mod erate amounts of HSP70 protein in CAl cells 2 days after pretreatment with 2-min ischemia (Fig. 4B ) may facilitate the recovery of HSP70 translation it self, which makes CAl cells able to accelerate the recovery of general protein synthesis and success fully replace denatured proteins with newly synthe sized proteins.
It is important to know whether the acceleration of HSP70 and HSC70 mRNA induction is actually related to cell survival after the second episode of ischemia. Because the initial few hours of reperfu sion may be the most critical period of CAl cell vulnerability (Kirino et al., 1986; Carroll and Beek, 1992) , this accelerated induction may play an im portant role in the survival of CAl cells in the pre conditioned brain. In other words, the precondi tioned brain is ready for HSP70 and HSC70 induc tion immediately after the second ischemic episode, and the change of setting of heat shock gene expres sion may be important in the acquisition of ischemic tolerance. Although the mechanism of this acceler ated induction of the mRNAs remains to be proved, the presence of HSP70 protein after the 2-min pre conditioning may be important. In fact, constitutive expression of HSP70 protein in rat fibroblast cells by transfection with human HSP70 gene facilitated the recovery from transcriptional disturbance fol lowing heat shock treatment and enhanced cell sur vival (Liu et al., 1992) . Thus, the present results suggest that these changes of heat shock gene ex pression in the preconditioned brain, i.e., the accel eration of HSP70 and HSC70 mRNA induction and the improvement of HSP70 translation, could play important roles in the acquisition of ischemic toler ance.
